Background-Experimental studies have demonstrated that intravenous ␤-blocker administration before coronary artery occlusion significantly reduces myocardial injury. Clinical studies have shown that intracoronary (IC) propranolol administration before percutaneous coronary intervention (PCI) delays myocardial ischemia. The present study tested the hypothesis that IC propranolol treatment protects ischemic myocardium from myocardial damage and reduces the incidence of myocardial infarction (MI) and short-term adverse outcomes after PCI. Methods and Results-Patients undergoing PCI (nϭ150) were randomly assigned in a double-blind fashion to receive IC propranolol (nϭ75) or placebo (nϭ75). Study drug was delivered before first balloon inflation via an intracoronary catheter with the tip distal to the coronary lesion. Biochemical markers were evaluated through the first 24 hours and clinical outcomes to 30 days. Evidence of MI with creatine kinase-MB elevation after PCI was seen in 36% of placebo and 17% of propranolol patients (Pϭ0.01). Troponin T elevation was seen in 33% of placebo and 13% of propranolol patients (Pϭ0.005). At 30 days, the composite end point of death, postprocedural MI, non-Q-wave MI after PCI hospitalization, or urgent target-lesion revascularization occurred in 40% of placebo versus 18% of propranolol patients (hazard ratio 2.14, 95% CI 1.24 to 3.71, Pϭ0.004). 
M yocardial necrosis (infarction) during percutaneous coronary intervention (PCI) may occur in almost half of otherwise successful PCI [1] [2] [3] [4] and is associated with an increased incidence of late adverse outcomes, particularly death, even with minor elevations in biochemical markers. [2] [3] [4] [5] The causes of myocardial enzyme elevation after otherwise successful PCI include the development of mechanical complications such as slow flow, side-branch occlusion, transient major vessel closure, or prolonged coronary spasm. In many cases, however, enzyme release occurs without any apparent mechanical complication. In this setting, the most likely cause is microembolization. 6 Experimental studies have shown that intravenous administration of the ␤-blocker propranolol before coronary artery occlusion can significantly reduce the electrocardiographic, enzymatic, and histological indices of myocardial infarction (MI). [7] [8] [9] [10] Clinical PCI studies have shown that intracoronary (IC) propranolol delays the development of ischemia during balloon occlusion as determined by the time to and extent of ST-segment elevation on IC and surface ECGs. 11, 12 Currently, there are no data evaluating the impact of adjunctive IC ␤-blocker therapy before PCI on postprocedural MI, as reflected by biochemical marker release, and on clinical
outcomes. The present study tested the hypothesis that IC propranolol protects ischemic myocardium during PCI and reduces MI and early adverse clinical events after PCI.
Methods

Study Population
This study was a randomized, double-blind, placebo-controlled trial. Patients with coronary artery disease, including those receiving chronic ␤-blockade, who were undergoing PCI were considered for inclusion. Exclusion criteria were MI Ͻ24 hours previously or recent MI with creatine kinase (CK) or CK-MB elevation at time of randomization (a normal CK and CK-MB and elevated troponin T allowed inclusion); cardiogenic shock; systolic blood pressure Ͻ100 mm Hg; heart rate Ͻ50 bpm; New York Heart Association class III or IV heart failure; severe left ventricular dysfunction (ejection fraction Ͻ30%); severe renal insufficiency (creatinine Ͼ3.0 mg/dL); allergy to propranolol; or second planned intervention within 30 days. Patients with chronic lung disease were not specifically excluded. The protocol was approved by the University of Texas Medical Branch Biomedical Institutional Review Board, and informed consent was obtained from all patients.
Study Protocol
Before PCI, patients were pretreated with aspirin and weightadjusted heparin, with a target activated clotting time of Ͼ300 seconds in the absence of a glycoprotein (GP) IIb/IIIa inhibitor and 200 to 300 seconds with a GP IIb/IIIa inhibitor, which was allowed but not mandated.
Patients were randomized in a 1:1 ratio to receive either placebo or propranolol. The randomization allocation code was generated by complete block design. Randomization was performed after coronary angiography confirmed the need for PCI. In patients with a total occlusion, the lesion was crossed with a guidewire before randomization.
Study drug kits were packaged by the hospital pharmacy to be indistinguishable from each other with a concentration of 1 mg/mL; the injectant identity (ie, propranolol or placebo) was not known to the investigators or patients, and equal volumes were injected. Propranolol at a dose of 15 g/kg 12 or 0.9% NaCl (placebo) was injected into the coronary artery through the dilatation catheter, the distal tip of which was positioned across the stenosis or stenoses (if more than 1 site underwent PCI). The study drug was thus delivered directly into the myocardial region supplied by the stenotic coronary artery undergoing PCI. Balloon inflation was performed after the IC study drug injection. Blood samples were taken before and immediately after PCI, every 8 hours for 24 hours to assay CK and CK-MB, and at 16 hours for troponin T. Additional blood levels were obtained when any patient experienced possible ischemic symptoms. The 30-day contact was made by clinic visit or telephone interview.
Study End Points
The primary end point was the incidence of postprocedural MI as evidenced by CK-MB elevation. The threshold for an excess in adverse events relative to CK-MB level above normal appears to be a continuous function beginning with any elevation of CK-MB or troponin T, with the frequency of long-term adverse events, particularly death, increasing with the level of enzyme rise. 2 Secondary end points included (1) incidence of postprocedural total CK and troponin T elevation; (2) median peak values of CK, CK-MB, and troponin T; (3) rescue therapy with GP IIb/IIIa inhibitors; and (4) combination of death of any cause, post-PCI MI, non-Q-wave MI, and Q-wave MI after PCI hospitalization or severe myocardial ischemia requiring urgent coronary artery surgery or target-lesion revascularization (TLR) within 30 days of intervention.
Definitions
Evidence of post-PCI MI was defined as an increase above the normal limit in total CK, CK-MB, or troponin T. Non-Q-wave MI after PCI hospitalization was defined as an acute coronary syndrome with or without ECG changes and elevation of a cardiac marker. 13 Urgent TLR included any coronary artery bypass surgery or a second PCI on the original target lesion performed for recurrent myocardial ischemia. Successful PCI was defined as residual stenosis of the target lesion Ͻ30% of reference vessel diameter without major adverse outcome (death, Q-wave MI, or emergent CABG). Major bleeding was defined as bleeding that necessitated transfusion, surgery, prolongation of hospital stay, or Ͼ8% drop in hematocrit after PCI. Rescue GP IIb/IIIa use was defined as drug given after the guidewire passage during PCI. Standardized definitions were used for risk factors. 14 Mechanical complications included dissection, abrupt or threatened closure of PCI vessel, transient or permanent side-branch closure, angiographic embolization, development of new intracoronary angiographic thrombus, decrease in flow ("slow flow"), or stoppage of flow ("no flow") in the epicardial PCI vessel in the setting of an adequately opened lesion.
Data Management and Statistical Analysis
Data were collected prospectively on case-report forms with investigators and study coordinators blinded to treatment assignment until after the database was sealed after entry of all data. All analyses were performed with the intention-to-treat principle. Continuous variables were compared between groups by the 2-tailed t test and categorical variables by the 2 statistic or Fisher exact test wherever appropriate. Treatment effects by subgroups are reported as relative risks (RRs) with 95% CIs. Multivariate logistic regression analysis was used to determine the independent predictors of the primary end point, and variables shown in Figure 4 were included in the model. Methods for survival analysis were used for the 30-day combined end point. Time to first occurrence of the composite end point is shown by KaplanMeier survival curves.
Sample-Size Determination and Interim Analyses
A sample size of 150 patients, with 75 patients in each group, was required to have 80% power based on the assumption of an incidence of postprocedural CK-MB increase of 8% in the propranolol group and 24% in the control group. 2 Because no published reports are available for the expected incidence of the primary end point in the propranolol group, 2 blinded interim analyses at 50 and 100 samples were planned to determine whether there was a trend worthy of trial continuation. The O'Brien-Fleming multiple testing method was used to determine that a significant difference at the final analysis of 150 patients was considered to be reflected by a probability value Ͻ0.045.
Interim Analyses
Interim analysis after 50 patients revealed a difference between the 2 groups in CK-MB elevation after PCI (19% versus 45%; Pϭ0.04). The interim analysis after 100 patients showed a greater statistical difference (Pϭ0.009), 18% and 42%, respectively. The incidence of serious end points other than myocardial necrosis, including death, non-Q-wave MI after PCI hospitalization, and urgent TLR, over the first 30 days was very low, and there was no significant difference between the 2 groups in these end points at the first and second interim analyses. We therefore chose to continue the double-blind study until the original sample size was reached in order to increase the robustness of the final results. (Tables 1 and 2 ). There was no change in the heart rate or blood pressure after IC injection of propranolol or placebo. There were no adverse systemic effects after IC injection in either group, including respiratory difficulties in 5 patients with a history of chronic obstructive pulmonary disease or asthma. Post-PCI MI occurred significantly more frequently in the placebo than the propranolol group. CK-MB elevation was seen in 36% of placebo patients and 17% of propranolol patients (Pϭ0.01). Troponin T elevation occurred in 33% of placebo patients and 13% of propranolol patients (Pϭ0.005; Table 3 ; Figure 1 ). The median peak values after PCI of CK-MB, CK, and troponin T in the placebo and propranolol groups, respectively, were as follows: CK-MB, 2.6 and 2.1 U/L; total CK, 76 and 67 U/L; and troponin T, 0.03 and 0.03 ng/mL.
Patients with mechanical complications had a higher incidence of elevated CK-MB, total CK, and troponin T than patients without mechanical complications (Table 4) . Among patients without mechanical complications, there was a highly significant difference in the incidence of CK-MB elevation with placebo compared with propranolol treatment (28% for placebo versus 10% for propranolol; Pϭ0.015). Among patients with mechanical complications (nϭ35), there was a trend toward a lower incidence of post-PCI MI in the propranolol group (61% for placebo versus 41% for propranolol; Pϭ0. 24) .
CK-MB elevation Ն3 times the upper limit of normal, often used as a criterion for post-PCI MI, developed in 7 propranolol patients and 6 placebo patients. Of these 13 patients, 11 (84.6%) had an associated mechanical complication during PCI. The incidence of mechanical complications was significantly greater in patients with CK-MB Ն3 times the upper limit of normal than in all other patients (84.6% versus 17.5%; PϽ0.0001).
The 30-day composite end point ( Figure 2 ) occurred in 40% of placebo and 18% of propranolol patients (Pϭ0.004). This difference was due almost exclusively to the difference in post-PCI MI. There were no deaths. Non-Q-wave MI after PCI hospitalization occurred in 3 patients (placebo 2, propranolol 1). Urgent TLR was required in 2 placebo patients. "Rescue" GP IIb/IIIa inhibitor use was required in 15% of placebo and 11% of propranolol patients (Pϭ0.46). Significant bleeding occurred in 3% each of the placebo and propranolol patients. Subgroup analysis demonstrated that the favorable effect of propranolol on preventing MI was broadly applicable (Figure 3 ).
Factors associated with increased risk of CK-MB elevation after PCI are shown in Figure 4 . IC ␤-blocker therapy was associated with a decreased risk of mechanical complications during PCI, and age Ն60 years was associated with an increased risk of CK-MB release.
Discussion
The principal study finding is that IC administration of propranolol decreases the incidence of myocardial infarction after coronary intervention compared with placebo. Experimental data have strongly suggested that intravenous ␤-blocker administration can decrease infarct size if an adequate amount of ␤-blocker can be delivered to the ischemic zone before irreversible damage. 7, 9, 10 The largest amount of myocardial salvage occurs if the ␤-blocker is given before coronary occlusion, although animal data have demonstrated some degree of myocardial salvage when intravenous ␤-blocker is given as long as 3 to 4 hours after coronary occlusion. 10, 15 Furthermore, studies using transient occlusion followed by reperfusion tend to show more myocardial salvage than preparations with permanent occlusion. 15, 16 In experimental studies, the use of intravenous ␤-blocker has produced significant decreases in heart rate, blood pressure, and cardiac output. 7 In clinical trials, intravenous ␤-blockers during MI (as described most extensively in the prethrombolytic era, when an infarct-related artery was likely to be patent in Ͻ50% of patients) have been given, on average, at least several hours after presentation (frequently exceeding 4 hours) in a dose usually one tenth or less of that given in animal studies. Thus, it is not surprising that myocardial salvage after MI with intravenous ␤-blocker has shown only modest clinical benefit. [17] [18] [19] [20] Human studies have demonstrated that IC propranolol before transient coronary artery occlusion can delay the onset and severity of myocardial ischemia as detected by surface electrocardiography without decreasing heart rate or blood pressure. 11, 12 The present study demonstrates that IC ␤-blocker can also protect against myocardial injury in this setting. We propose that the effects of microembolization during PCI are often transient and that reperfusion of small myocardial areas occurs after dissolution of these microemboli. This scenario is ideal for ␤-adrenergic blockade by the method used in the present study. IC administration of propranolol before PCI allows for a high local concentration and minimal, if any, systemic effects, changes in heart rate, or myocardial depression in the non-PCI territory. With the expectation of ultimate revascularization, this method provides an enlarged window of safety during the performance of PCI.
Patients with mechanical complications during PCI demonstrated an increased risk of CK-MB and troponin T elevations, as has been reported previously. 21 Mechanical complications have been shown to almost totally negate the cardioprotective effects of GP IIb/IIIa inhibition during PCI. 22 In the present study, there was a trend toward a cardioprotective effect of propranolol in patients with mechanical complications. The present study, however, was not powered to specifically evaluate this subgroup.
One may ask whether intravenous or oral propranolol also may be cardioprotective during PCI. Previous studies have shown only a modest benefit of intravenous ␤-blocker given before PCI in delaying the onset and severity of regional ischemia as detected by surface ECG. 23, 24 The possible benefit from long-term oral ␤-blocker use was examined in an observational retrospective study that showed a reduction in the incidence of MI in patients who were taking long-term oral ␤-blocker therapy before PCI compared with those who were not. 25 However, a second large retrospective analysis did not confirm this finding, 26 nor did the present study (see Figure 3 ). In the present study, patients taking long-term oral ␤-blockers had a similar benefit to those who were not, demonstrating the additional benefit of IC propranolol (Figure 4) .
The sample size in the present study is relatively small; the possibility that the results occurred by chance must be considered. The increasing level of statistical significance in the interim analyses strongly suggests that the results reflect a real phenomenon. The present results were collected at a single center, which raises the issue of whether the results are generalizable and reproducible. The fact that the patient population and results are typical of PCI study cohorts and that the percentage increase in myocardial necrosis in the placebo group is similar to that reported in previous studies 22 suggests that these results are generalizable.
Clinical Implications
A controversial issue is the threshold at which postprocedural cardiac biomarker elevation is indicative of increased longterm risk of adverse events, particularly death. A recent meta-analysis of 8838 patients undergoing PCI in 5 large prospective trials has demonstrated that long-term mortality risk is a continuous function, increasing at any level above normal postprocedural CK-MB. 4, 5 Thus, a primary end point, MI as defined in the present study, has direct clinical relevance. It remains to be demonstrated that preventing post-PCI MIs can in fact decrease late mortality. However, should the ability to decrease myocardial necrosis translate into a survival benefit, data from the above-cited study 4 and the present study suggest that for every 1000 patients undergoing PCI, 20 more patients will be alive at 6 months if IC propranolol is used. If one assumes that IC ␤-blocker is used routinely and is applicable to 80% of patients (on the basis of inclusion criteria from the present study), there will be 10 000 more PCI patients alive at 6 months in the United States alone if this therapy is used. 27 It is important to emphasize that IC ␤-blocker in the dose used in the present study is extremely safe and without any adverse effects, even in patients with moderate left ventricular dysfunction and chronic lung disease. Although not specifically analyzed, cost is not likely to be significantly increased by this approach because the ␤-blocker used, propranolol, is relatively inexpensive. Thus, the use of IC ␤-blocker during PCI may significantly improve clinical outcomes and potentially decrease mortality and may do so cost-effectively. Further studies will be helpful in confirming the efficacy of this approach. The combined use of IC propranolol with the only presently available proven cardioprotective agents during PCI, the GP IIb/IIIa platelet receptor inhibitors, awaits further investigation.
